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THE DISINFECTION CONCENTRATION EXPONENT*
PHILIP B. COWLES
It is of course well recognized that the length of time required
by a germicide to kill a given number of bacteria varies with the
concentration of the substance. The relation between concentration
and time can usually be expressed by the formula Ct - k, often
written in logarithmic form log t = log k - nlogc for convenience
The obvious value of the concentration exponent n is that it gives
direct information as to the effect of dilution upon the speed with
which adisinfectant can kill. Silver nitrate and iodine, with nvalues
of 1, can be diluted considerably without undue effect upon the time,
whereas phenol, with a value of 6, rapidly loses its practical efficacy.
Values for the concentration exponents have been determined for
relatively few germicides, and the results obtained by different
workers have often been discordant. It is always found, however,
that the substances which have large n values belong to compounds
which are surface active in character. In a recent papers Tilley has
reported numerous values for concentration exponents, some of
which, for alcohols, were as high as 12.
Some attempt has been made to account for the existence of these
high powers. Watson' has suggested that they may indicate chem-
ical reactions of high order, but Buchanan and Fulmer' state that
"such a value as is secured forn (if a constant is secured) should not
be regarded as related directly to the order of the reaction, but as an
arbitrary constant useful for comparative purposes."
It hasbeen mentioned thatthedisinfectants which have high con-
centrationexponentspossesssurface-activeproperties. Weknow,too,
that in any homologous series of substances, such as the alcohols, the
surfacetensionsparallelthegermicidalproperties. Presumably,there-
fore, the interfacial tension between germicide and cell also parallels
thekillingactivity, and, ifsurface forcesplay anypart in disinfection,
will probably be the important factor. Attempts have been made
to invoke such forces as being the active agents in killing, but the
direct action has never been demonstrated and seems improbable.
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However, it does not seem improbable that surface forces may
play an important part in disinfection through their effect in facili-
tating contact between germicide and cell.
Ifthis were their action, they would serve merely to cause "wet-
ting" of the cell, following which death would come through chem-
ical reaction. The term "wetting" as used here implies the displace-
ment of substances at the cell surface by the germicide. The time
necessary for such displacement would be a function of the interfacial
energy, and this, in turn, would be modified by changes in the con-
centration of the germicde. The relation between these factors
would determine n.
In most disinfection processes the chemical is present in tremen-
dous excess, weight for weight, compared to the amount of bacterial
protoplasm, though probably only a small quantity of the chemical
takes part in the actual killing. With the alcohols, for instance, octyl
is some 1500 times as powerful as ethyl, both in killing and in low-
ering surface tension. If killing is a chemical process it is difficult
to understand why it takes 1500 ethyl alcohol molecules to do what
one octyl molecule can do. But if one octyl molecule can "wet" the
bacterium in the same length of time that 1500 ethyl molecules can,
and chemical action can only follow this "wetting," the situation
becomes understandable. In other words, while the concentrations
ofthe two substances in solution may differ enormously, the effective
concentrations at the cell may be the same, due to the much greater
surface energy of the octyl alcohol.
In this paper evidence will be presented to support the hypothe-
sis that the concentration exponent, n, is determined by the surface
energy of a germicide.
Methods
Throughout the experiments an end-point technic was used to
determine the time of disinfection. The test organism, Staphylococ-
cus aureus, was grown for 18 to 24 hours at 370 on ordinary beef
extract nutrient agar at pH 7. Growth was taken up in S ml. of
distilled water, thrown down in the centrifuge, resuspended in S ml.
of fresh distilled water, and filtered through cotton. This procedure
was followed in order to eliminate to some extent the complicating
influence of the medium constituents.
Of this suspension 0.02 ml. were added to 10 ml. of the germi-
cide dilution under test, and from this mixture, kept at 200, 0.02 ml.
were removed at appropriate time intervals and transferred to broth
698DISINFECTION CONCENTRATION EXPONENT
tubes which were read after 48 hours' incubation at 370. Sterile
serological pipettes graduated in hundredths were used in all trans-
fer work. Occasional counts showed that the 0.02 ml. inoculum
added to the germicide contained approximately 50 million cells, so
that the 0.02 ml. transfers to broth would contain about 100,000
organisms. The reduction in numbers for complete disinfection was
therefore presumably from 100,000 to less than 1.
For the wetting experiments a modification of the Draves test2
was employed, with the use of ordinary gray woolen yarn. A five-
foot length was taken and folded upon itself four times. The top of
the resulting bunch was cut through with scissors and a hook of
12-gauge iron wire weighing 4.3 gm. was passed through the closed
end. It may be noted that for this type of experiment the amount
of yarn and the weight of the wire, within limits, seem to be imma-
terial and the specifications given above form a system which will
sink in distilled water in about 20 minutes. To perform the experi-
ment the bunch of yarn with wire attached is held by the cut end
and lowered into agraduate containing 500 ml. of the solution to be
tested. When the yarn touches the liquid, hold is released, and with
a stop-watch the length of time elapsing before the yarn sinks below
the surface is measured. The test is relatively crude, and the dis-
crepancies which occur are probably due to differences in the charac-
teristics ofthe yarn, but five or more determinations at each dilution
with fresh pieces of wool give an average value which can be used
with consistent results. Temperature has an influence on the reac-
tion, but this factor was not controlled except that each series of
determinations was made at the same temperature.
In the tables presented in this paper all concentrations are
expressed in moles per liter; times in minutes for killing or in
seconds for sinking; surface tensions in dynes per centimeter (y).
TABLE I
ALCOHOLS
Killing of Staphylococcus aureus Sinking of woolen yarn.
Methyl Ethyl Methyl Ethyl
c t c t c t c t
18. 0.63 9. 0.38 6. 1. 0.9 4.2
17. 0.88 8. 0.88 4. 10. 0.8 9.3
16. 1.17 7. 1.5 3. 68. 0.7 20.5
15. 1.83 6. 3.5 2. 148. 0.6 54.
14. 3.6 5. 12.5 1. 234. 0.5 77.
13. 5.5 0.4 109.
12. 9.5
10. 27.5
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Butyl
c t
0.9 0.44
0.8 0.71
0.7 2.88
0.6 4.9
0.5 14.3
Propyl
c t
0.30 1.5
0.25 6.)
0.20 14.8
0.15 40.6
0.10 137.
TABLE II
PHENOL
Killing of Staphylococcus aureus
r-
C
0.165
0.144
0.124
0.103
0.0825
0.062
0.0515
0.0413
0.031
t
0.63
1.58
7.0
22.3
43.
108.
115.
320.
420.
Sinking of woolen yarn
c t
0.125 1.8
0.100 3.5-
0.0795 9.1
0.063 19.2
0.040 46.4
0.025 109.
TABLE III
RESORCINOL
Killing of StaphyIococcus aureus
c
0.3
0.2
0.1
0.08
0.06
t
3.0
12.7
52.
92.
112.
Sinking of woolen yarn
c
0.5
0.316
0.2
0.1
0.05
t
12.4
21.
39.8
73.2
125.3
TABLE IV
Surface tensions (From the International Critical Tables)
Ethyl alcohol 250 air
c 'y
16.2 23.2
15.8 23.6
14.4 24.7
13.0 25.7
11.5 26.7
9.95 27.9
8.15 29.6
6.32 32.3
4.32 37.5
2.37 46.0
1.12 54.9
0.59 60.8
Phenol20° air
c
0.30 49.1
0.25 51.3
0.20 54.0
0.15 57.0
0.10 61.1
0.075 64.9
0.050 66.5
0.025 69.9
Resorcinol 200 hydrogen
c 'y
6.0 57.1
5.0 57.6
4.0 58.2
3.0 58.6
2.0 60.5
1.5 61.1
1.0 63.4
0.75 64.3
0.60 65.4
0.50 66.2
0.40 66.8
0.30 67.7
0.20 68.8
0.15 69.6
0.10 70.6
0.05 71.4
0.03 72.1
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Propyl
c t
2.7 0.375
2.1 2.88
1.9 6.13
Butyl
c t
0.08 3.3
0.07 5.6
0.06 14.7
0.05 49.6
0.04 91.
0.03 132.DISINFECTION CONCENTRATION EXPONENT
A study of the graphs will show that in certain ranges the
logt/log c plot for the wetting of wool gives a straight line. There-
fore, the formula
C = k holds true SURFACE TENSION
for wetting also. 3 aWETTING 70
Moreover, n has a
relativelylargevalue,
of much the same
order as that for kill- 2 B\-\ E \ M
ing. With the wetting
of a fiber it is difficult 2,
to picture chemical J 50
-reactions as playing 't
the major part. Here ALCOHOLS
physical forces are
probably predomi-
nant. It seems not -2 -I LOG C 0 Ii
unreasonable to as- Fig. 1. The effect of change in the concentrations
sume that the roles of some alcohols upon the time of wetting wool and
played by con- upon surface tension.
c,en t rat i on
changes,bothin ALCOHOLS 'RKI LLITNG
wetting fibers
and in killing
bacteria, are 2 .* ' 46
similar, and
that in both 7.
cases surface J .^ P E M
forces are ac- I 36
tive, but that in
the latter case
after the con-
tact is made the oa 26
chemical pro-
ceeds to bring I
about death of -.0 o LOG C .5 1.
the cell, pro- Fig. 2. The influence of change in concentrations of
vided it is able some alcohols upon the times for killing Staphylococcus aureus
to c o m b i n e
and upon surface tension.
with and inactivate certain receptors in that cell. That with a given
germicide the two nvalues are not the same is probably unimportant,
701YALE JOURNAL OF BIOLOGY AND MEDICINE
since these could be expected to vary with differences in the surfaces
wetted.
Further, it will be noticed that in wetting, with all of the sub-
* SURFACE TENSION stances used, the n values are * WETTING constant only through those
A KILING concentration ranges in which
\; the slope of the surface-tension
curve is constant. When this 270 curve breaks, the log t curve
-r ;\ \also breaks. Similarly, in the
O a > r killing of the staphylococcus by
J* \ 60 phenol and resorcinol the same I. * ~~~~~~~~~60 picture is seen. This sharp
break probably indicates a dis-
tinct change in conditions at the
O PHENOL . interface; such a change, for ex-
ample, as one from a gaseous
-z LOG C -L -.5 film of the germicide to a liquid
Fig. 3. The effect of change in the film as disdosed by Langmuir.4
concentrations of phenol upon surface ten- That such changes occur in all
sion and upon the times for killing the three curves at approximately staphylococcus and for wetting wool. the same concentration lends
SURFACE TENSION added weight to the hy-
RESORCINOL * WETTING pothesis.
LKILUNGpo Staphylococci resist 2. >'_ --..* * 70, changes in osmotic pressure
.5' N*- -r >very well, as a rule, but
Laird3 has shown that when
the pressure drops below
I. \ 60.about 1.75 atmospheres
rapid death may ensue.
Since the lower concentra-
-i LOG C ' tions of substances used in
Fig. 4. The effect of change in the con- these experiments gave val-
centrations of resorcinol upon surface tension ues lower than this figure and upon the times for killing the staphylococcus
and for wetting wool. an attempt was made to compensate for such influ-
ences by using sodium chloride in 1 per cent concentration. Since
the addition of salt to a phenol solution tends to drive the phenol
from solution and bring about a greater concentration at surfaces,
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this effect was cared for by using only 0.955 times as much phenol as
would suffice without the salt. This factor was calculated from
data presented by Laird. The results of experiments using such
phenol-salt solutions wereessentially thesame asthose obtained with
phenol alone-there was the same sharp break in the curve at the
same concentration. Although the organisms died off in 1 per cent
saline suspensions, the rate of death was not constant. In some cases
an inappreciable reduction in the number of cells occurred in 7 hours,
in others the count might drop from an initial 100,000 cells to about
10,000. In 24 hours the suspensions had not become sterile.
An obvious criticism which will come to mind is the extent to
which "natural" death of the cells can affect the death rate.
Undoubtedly this plays some part. Such a factor should act con-
sistently through the entire time period, however, and should not
cause any sharp break in the curve, such as is seen in these experi-
ments. This might explain why Tilley, using 10 per cent broth in
his mixtures and thus providing some protective substance tending to
retard death, obtained n values of 12 for the alcohols, while here,
with washed cells, a further death rate is superimposed on that due
to the chemicals, and the value 6 was found. The presence of
extraneous surface-active materials undoubtedly modifies -disinfec-
tant action-it will be recalled how very effective soaps are in delay-'
ing disinfection by most surface-active germicides-perhaps through
some process of selective adsorption.
It is apparent that "natural" death may affect the process, but it
does not seem that it can account for the whole phenomenon. If
other protective surface-active substances, such as broth constituents,
are present the whole picture may be changed, probably through
competition for the cell surface. In order to minimize the influence
of this "natural" death without introducing additional surface-active
agents, the ideal germicide forexperimental purposes would seem to
be the one giving a sharp break in its surface-tension curve at a con-
centration, preferably about 0.2 molar for reasons of osmotic pres-
sure, at which killing requires relatively few minutes. To date,
however, such a substance has not been found.
Summary
Evidence has been presented, supported by an analogy with the
wetting of wool by various germicides, that an important part of the
disinfection process may be the "wetting" of the bacterial cell, and
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that changes in the time of disinfection with changes in the concentra-
tion of disinfectant may be due to correlated changes in wetting
power. If this be so, then n, in the disinfection formula Ct =k,
may be an expression of the effect which changes in concentration
have upon the surface activity of the disinfectant solutions, rather
than a number indicating a chemical reaction of high order.
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